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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS
RESEARCH MEMORANDUM

EXPERIMENTAL INFLUENCE COEFFICIENTS FOR THE DEFLECTION
OF THE WING OF A FULL-SCALE, SWEPT-WING BOMBER

By Alton P. Mayo and John F. Ward
SUMMARY

The results of deflection tests on the wing of a full-scale, swept-
wing jet bomber are presented in the form of structural influence coeffi-
clents relating the deflection of a system of points on the wing to con-
centrated loads applied on the wing spars. The procedures used for
determining the coefficients are presented.

The influence coefficients are used to determine the wing deflec-
tions under assumed flight conditions and wing twist under a specific
system of concentrated torques. These calculated wing deflections are
compared with experimental results obtained from static proof tests at
the same loading conditions. Also presented are curves of twist in the
streamwise direction due to concentrated loads applied along the wing
one-quarter-chord line.

INTRODUCTION

In connection with current flight tests being conducted by the
National Advisory Committee for Aeronautics with a Boeing B-U47 airplane
it 1s required to establish values of wing structural influence coeffi-
cients in order to analyze properly the flight data for aerocelastic
effects. The use of experimental influence coefficients provides an
easier approach to the analysis of the aeroelastic effects than the
use of the more indirect and less accurate theoretical methods. Inas-
much as the influence coefficients are of general interest and published
data for an actual wing are practically nonexistent, it was thought
desirable to publish these data and illustrate some of the procedures
necessary to adapt the data to almost any deflection analysis. Wing
deflections are calculated using the influence coefficients, which are
based on relatively small concentrated loads, and compared with deflec-
tions measured with large distributed loads during the static proof
tests in order to establish the range of validity of the coefficients.
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2 CONFIDENTIAL NACA RM L53L23
AIRPLANE AND TESTS

The airplane used in the test was a Boeing B-47A, six-engine, Jet
bomber shown in figure 1. The main wing structure was a tapered box
beam with two spars at 17 percent and 58 percent of the wing chord (see
figs. 2 and 3 and table 1). For ease in applying loads normal to the
wing, the tall of the alrplane was elevated to bring the wing root chord
into the horizontal plane. Loads were applied symmetrically on both wings
in order to eliminate the necessity of providing rolling restraint at the
airplane fuselage.

The loads were applied upward with hydraulic Jacks through rectan-
gular felt-covered loading pads, approximately 8 inches square, which had
sufficient surface area to reduce localized skin deformations. Sensitive
dynamometers were used to measure the concentrated loads applied. Loading
points were located at the intersection of rib and spar center lines (see
fig. 3), so as to take advantage of additional strength at these points
and to correlate loading-point locations with known structural dimensions.

Wing deflections were measured by means of dial gages and hanging
scales located symmetrically about the airplane center line on the front
and rear spars at locatlons shown in figure 3. The reference plane for
these measurements was the heavily reinforced floor of the Langley air-
craft loads calibration laboratory which housed the airplane. Four dial
gages vwere mounted above the wing attachment fittings to establish correc=-
tions for any movement of the alrplane fuselage after the initial gage
readings were recorded. Dial gages, supported on tripod stands were used
at deflection stations 9 to 16 and hanging scales were used at stations 1
to 8. The hanging scales were read with a surveyor's transit set up beneath
the airplane tail. The distance from the transit to the scales was approxi-
mately 60 feet. Test procedures were the same for all loading points with
every deflection gage being read at each change in load magnitude or
location (see fig. 3).

The net concentrated loads used increased in magnitude from
2,000 pounds at the wing tip to 20,000 pounds at the root (see fig. 3).
In order to eliminate effects of structural slippage, a tare load of
20 percent of the station maximum load was applied at each station.
All subsequent data teken was adjusted so as to be the incremental
values from the 20-percent-tare-load condition. These adjusted gage
readings are referred to as deflection readings for the rest of this
paper. The concentrated loads were applied and relieved in 20-percent
increments in order to provide a more thorough check on gage behavior. ;
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NACA RM L53L23 CONFIDENTTAL 3
ACCURACY OF MEASUREMENTS AND CORRECTION FOR AIRPLANE MOVEMENT

The dial gages used to measure the deflections at gage stations 9
to 20, inclusive (see fig. 3) were gruduated and read to 0.001 inch with
an estimated overall accuracy of +0.001 inch. The hanging scales used
had graduations of 0.050 inch and the overall estimated accuracy of the
scale readings was t0.050 inch. The accuracy of the loads applied was
estimated to have been t5 pounds., The centers of load and gage loca-
tions were estimated to be within tl1.0 inch of the locations given in
figure 3.

During the application of the point loads, the airplane was slightly
pitched, rolled, and displaced vertically, thus changing the zero readings
of the four root gages used as reference points.

The corrections for airplane movement were based on the four root
gages, 17 and 18 on each wing (see £ig. 3). The corrections applied to
the individual deflection readings at a point P expressed in terms of
the ‘deflection of the four root gages were:

Roll:

Op =

Z -2 ya -2
1({%18r 18L N 17R 17L Yp (1)
2 91.2 88.0

(where positive values of Y correspond with the left wing and negative
values of Y correspond with the right wing)

Pitch:
Z ~ 2 Z -2
1] 71TL 18L 17R 185)
=< + X 2)
“p 2( 8.9 8.9 / (
Vertical displacement:
1
AZP = EE.QOM-(ZlaL + Zl8R) - 0.204 (Zl7L + ZlTR] (5)

The above equations are deduced from the root-deflection gage locations
shown in figure 3.
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4 CONFIDENTIAL NACA RM L53L25
INFLUENCE COEFFICIENTS AND CURVES

The deflection readings, corrected as in the foregoing section,
were converted to influence coefficients, which relate the deflection
of a system of points on the two spars to concentrated loads applied
along these spars. In order to obtain an influence coefficient, the
corrected deflection data for a given deflection station were plotted
against the net load applied at a given load station and a line faired
through the points. The influence coefficient is the slope of the line.
Figure 4 shows a typical result obtained for the deflection at station 2
on the left wing as the load is applied at station 42 on the left wing.
The scattering of the uncorrected points in this figure illustrates the
necessity of including the corrections for airplane movement. When the
data are corrected, the slope of the load-deflection curve shows good
agreement at all points, implying a linear relation between dzflection
and load.

In general, individual plots were not made to obtain influence coef-
ficients. Instead, the original data were inserted into the IBM calcu-
lator, which was set up to give influence coefficients based on a least-
squares analysis of the data and which included the corrections required
for airplane movement.

The coefficients were obtained in terms of deflections in inches
at the deflection stations per 1,000 pounds at the load stations.
Influence coefficients obtained in this manner are given in table 2 for
the left wing and table 3 for the right wing.

It may be noted in table 2 that the deflection at station 2 with
1,000 pounds at station 42 is 2.2744 while from figure 4 the corre-
sponding value is 2.27 as close as can be read.

Figure 5 shows a typical influence-coefficient curve for the deflec-
tion at station 6 on the left front spar due to 1,000 pound loads at
various positions along the front and rear spars of the left wing. The
curves shown were plotted directly from table 2. A curve of this type
is particularly useful when it is required to determine the deflection
at a tabulated deflection station due to loadings distributed slong the
span. Since any load distribution on the wing can be considered to be
divided into distributed loads on the front and rear spars if the chord-
wise centers of pressure are known, the station deflection may be deter-
mined by either of two methods. The distributed loads along the spars
can be replaced by equivalent concentrated loads which in turn are multi-
plied by the influence coefficients corresponding to the loading stations.
The deflections at the station for each of the concentrated loads are
added to give the total deflection under the original load distribution.
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NACA RM L53L25 CONFIDENTTIAL 5

Alternately, the curves of spar load distribution can be multiplied by
the influence-coefficient curve for the station to obtain a product
curve which is then integrated to obtain the deflection at that station.

Although the data presented in tables 2 and 3 are considered the
basic data of this report, the application of this type of data to a
specific analysis may call for influence coefficients at stations other
than those tabulated.

In order to obtain influence coefficients for stations on the wing
spars but not at deflection statlions tabulated, it is necessary to plot
several deflection curves for a 1,000-pound load at a different spar
station in each case. This has been done in figure 6 as an example.
Influence~coefficient curves are then plotted from values of deflection
at the station in question (see fig. 7). In order to obtain influence
coefficients for deflection stations off the spars, it is necessary to
determine the influence coefficients for the front and rear spars at the
same spanwise location and interpolate between them.

Another type of interpolation which can be made directly with appar-
ently little error in the results is to use Maxwell's Law of Reciprocal
Deflections in which the loading and deflection stations are interchanged.
A demonstration of this law applied to present data is shovn in figure 8.
The data used in figure 8 were obtained by constructing influence-
coefficient curves for each deflection station and reading values at all
other deflection stations. A given point on the plot is the result of
choosing two arbitrary deflection stations P and Q and plotting the
deflection at P, due to a 1,000-pound load at Q, against the deflection
at Q, due to a load at P.

From the basic data given in tables 2 and 3 other types of influence
coefficients can be derived to suit any particular analytical procedure.
One type of influence-coefficient curve which will be particularly use-
ful in the analysis of flight data for a Boeing B-47 is a curve of stream-
wise twist induced by airloads acting along the quarter-chord line. Fig-
ure 9 shows these curves of streamwise twist for 1,000-pound point loads
on the quarter cnord at various stations along the span. The points are
retained in figure 9 to show the scatter and fairing required.

COMPARISONS

The influence coefficients were obtained with concentrated loadings
which, while high on a pounds-per-square-foot basis, were relatively low
on a total loads basis. Since the influence-coefficient results are
expected to be used with larger distributed loads, where nonlinearities
may exist, a number of comparisons are made between deflections determined
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6 CONFIDENTIAL NACA RM L53L23

from the influence coefficients and deflections obtained from static
proof tests at high-load levels.

Figure 10 shows a comparison between the deflection of the front
and rear spars measured in a static proof test of a Boeing B-UTB wing
(ref. 1) and deflections computed through the use of experimental
influence coefficients using similar loading conditions. The equivalent
concentrated spar loads used to duplicate actual proof-test loading con-
ditions are given in table 4. The Boeing B-47B wing differs primarily
from the B-4TA wing in the skin thickness near the root.

Another comparison is shown in figure 11 where the deflection
resulting from a 8,000-pound concentrated load on the XB-47 wing (ref. 2)
is compared with results obtained with influence coefficients from the
B-4TA. The B-4TA wing is basically similar to the XB-47 wing except for
the substitution of forged fittings in place of machined fittings.

In still another test described in reference 1 a B-47B wing is sub-
Jected to three large concentrated torque loads and the wing twist meas-
ured. The {ront and rear spar deflections of the B-UTA wing under similar
torques as determined from the influence coefficients of this report are
shown in figure 12. The spar deflections in figure 12 were found to be
somewhat erratic, because the influence coefficients used to obtain these
deflections were determined with loadings which contained very small -
torque components. This resulted in a loss of accuracy which is evident
from the scatter in figure 12. Least-squares parabolic curves were
passed through the points which assume zero deflection at the wing attach-
ment fittings. The twists derived from the least-squares curves are com-
pared in figure 13 with B-47B data from reference 1.

Calculations of the tip deflections made in reference %, using the
EI distribution of the B-4TB for an assumed in-flight loading condition,
resulted in a tip deflection of 87 inches, whereas, the tip deflection
computed by the influence coefficients contained herein gave a deflec-
tion of 82 inches (see fig. 10).

DISCUSSION

In order to provide a check on original data, the uncorrected and
corrected data for each gage station were plotted. The station-deflection
curve shown in figure 4 is typical of about 90 percent of the data with
regard to scatter of the final corrected points and linearity of the
curves., It is typical of all the data in indicating the need for
including corrections due to movements of the airplane during load appli-
cation. In the cases not typified by figure 4, a few of the data points .
were erratic due to reading and recording errors during the test.
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Influence curves, for a particular deflection station due to loading
along the spars, resulted in fair curves with very little scatter. As
might be expected, the curves showing wing twist, in planes perpendicu-
lar to the elastic axis derived from small differential deflections cf
the spars show a great deal of scatter as is evidenced in figure 12.
Because of this scatter the twist curves shown in figure 13 are only a
general comparison and the results cannot be considered conclusive as

to the relative stiffnesses of the B-4TA and B-4TB wings. In the twist
curves for loads along the quarter-chord line in figure 9, the stream-
wise component of the twist perpendicular to the elastic axis is second-
ary to the twist in the streamwise direction due to bending. The small-
ness of the scatter shown in figure 9 1s due to the fact that the stream-
wise twist was obtained from large differential spar deflections mainly
due to wing bending which could be determined with fair accuracy. 1In
connection with figure 9 it is to be noted that for the outboard stations
the twist continues to increase outboard of the loading point, which is
not in agreement with elementary beam theory. This discrepancy cannot

be fully accounted for by possible inaccuracies in measurement and is
assumed to be due to secondary stress carryover into the outboard portion

of the wing and to differences in the slopes of the front and rear spars
at the streamwlse loading station.

The data in figure 9 correspond to the structural matrix [?é] in

equation (14) of reference 4. The required values to be inserted in the
matrix may be read from the figure taking proper account of the units
involved. The twist curves of figure 9 are for eight equally spaced
stutions; similar curves for any other system of stations may be obtained
from cross-plotting of the curves given.

Although the influence coefficients given were obtained under con-
ditions with no chordwise forces present, such forces should be included
in the most accurate calculations for wing twist. The inclusion of chord-
wise forces is in the nature of a correction. The necessity arises because
the chordwise forces acting on the deflected wing produce a torque distri-
bution along the span. This torque distribution may be duplicated for
use with influence-coefficients methods by application of couples through
superimposed spar loads. In the comparisons given in figure 10, the effect
of chordwise force on the deflected wing has been included in the calcu-
lation of deflections by influence coefficients so as to agree with the
chordwise force effects present in the proof-test deflections. In the

comparisons shown in figures 11 and 13 no corrections for chordwise forces
were necessary.

From the comparisons shown in figures 10 and 11 it appears that there :
is apparently little difference in the deflection characteristics of the :
Boeing B-4TA and B-4TB wings. More important, however, is the indication
that the influence-coefficient results obtained with relatively small
point losds can apparently be extended to the maximum loading conditions
to be expected in flight, Further confidence in the influence coefficients
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8 CONFIDENTIAL NACA RM L53L23

and in the abllity to analyze the flight results arises from the fact
that Maxwell's Law of Reciprocal Deflections (see fig. 8) is checked
very well by deflection measurements.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., December 3, 1953.
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TABLE 1.- PERTINENT WING AND NACELLE CHARACTERISTICS

Sweepback of 25-percent-chord line, deg . . . . « ¢« ¢« ¢ « ¢« &+ . . 35
Sweepback of elastic axis, d€8 « « « o ¢ « o ¢ o ¢ + ¢« o s o o« 5& 12
Front spar center line, percent chord . . « + « « ¢« ¢ ¢ o o « » o « 17
Rear spar center line, percent chord . « « « &+ « s « o o o ¢« « » » 58
Elastic axis (assumed), percent chord . . « « « o & ¢ « ¢ = « » « » 38
Thickness ratio . o ¢ o + o o o o s o ¢ o o o o ¢ s « o o « « » o« 0.12
Horizontal distance from elastic axis forward to nacelle
center of gravity, in.:
Inboard nacelle . v v v ¢« s s 6 s s 8 o+ s e s e e e s s o s .« 123,11
Outboard nacelle . . . . . . « e e e o e o o s e« » o 17.5
i Vertical distance from elastic axis to nacelle center of
; gravity, in.:
: Inboard nacelle . . v v o o o o o o o o o o s s o s 6 o s s e e 55
OQutboard nacelle . ¢« ¢ ¢« o o o« o o o o o o 5o s o o s o s s ¢+ 8 E——-
Nacelle deadweight, lb:
Inboard nacelle . . . . . . . 7,566
Outboard nacelle . . ¢ ¢ ¢ ¢ ¢ ¢ ¢« ¢ o ¢ ¢ s o o o o o o o o+ 3,251
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TABLE 4.- EQUIVALENT CONCENTRATED SPAR LOADS

FOR PROOF-TEST CONDITIONS

Elastic axis Front spar Rear spar
station, in. loading, 1b loading, 1b

821 2,128 1,081
77 2,147 510
32 3,509 899
692 4,119 1,048
685 | eecemma- '8’ T40
658 2,116 | eece-aa
652 5,040 367
612 L ,69% 1,166
573 L, 717 1,142
532 5,048 1,278
492 5,811 1,381
452 5,936 1,456
L1k 6,344 914
376 5,328 1,332
3, | eecmaa- -1%4,536
342 5,274 1,318
308 5,308 1,351
304 ~30,116 = | = emecee-
270 6,019 1,639
235 6,612 1,778
198 7,137 2,119
163 7,086 2,104
128 7,406 2,249
93 6,323 1,867
T0 » TOk 0
57 3,796 0
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Figure 1.- Three views of test airplane.
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Figure 9.- Twist of wing in planes parallel to the airplene center line
due to 1000-pound point loads applied at various stations along wing

25-percent-chord line.
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